• Hamsters increase aggression when food-restricted in an intermediate photoperiod.
Food as a supplementary cue triggers seasonal changes in aggression, but not reproduction, in Siberian hamsters
Introduction
In order to maximize reproductive success, animals living in temperate climates undergo changes in behavior and physiology to coincide with extreme variations in resource availability. Many such species breed seasonally, restricting reproduction to times of year most favorable for survival of self and offspring [1] [2] [3] . Rodents such as Siberian hamsters (Phodopus sungorus), in addition to adjusting breeding according to time of year, also display changes in aggressive behavior. Siberian hamsters are more aggressive in the non-breeding season, despite low circulating levels of gonadal steroids such as testosterone [4, 5] , the primary physiological correlate of aggression in many species (reviewed in: [6] [7] [8] ).
Photoperiod is the primary environmental cue signaling time of year in Siberian hamsters and many other seasonally breeding animals. Photoperiod is encoded through a physiological signal of melatonin, which is secreted from the pineal gland during the night, in the absence of light (reviewed in: [9] ). Greater durations of melatonin secretion in longer dark periods of winter (approximately 8-10 h of light) trigger seasonal responses such as robust gonadal regression to curtail reproduction as well as increased aggressive behavior [3] [4] [5] [10] [11] [12] . Hamsters detect the duration of melatonin release in the present as well as the change in the duration of release over time in order to predict future environmental conditions. Thus, shortening photoperiods trigger appropriate changes in reproductive physiology that take place over several weeks in order to prepare for harsh, resource-scarce conditions of winter. It is generally understood that photoperiod functions as a "noise-free" cue that reliably indicates the likelihood of future conditions, but it does not directly affect survival and reproductive success itself. Rather, seasonal species use photoperiod to predict the future status of factors such as precipitation, presence of conspecifics, and perhaps most critical, food availability [13] . Photoperiod can be conceptualized as an "initial predictive" cue, which is used to trigger broad physiological responses over time (gonadal regression), whereas the immediate status of factors such as food availability can act as "supplementary" cues to fine-tune behavior [14] . Adequate food availability is essential to support energy-intensive reproductive processes, and it is reasonable to hypothesize that hamsters similarly increase aggression in response to shortening photoperiod in order to prepare to defend limited food resources, as food availability affects aggressive behavior in a variety of species [15] [16] [17] [18] . This specific hypothesis, however, has not been investigated, nor have broader questions related to the relative timelines of behavioral and physiological seasonal shifts in response to changing combinations of initial predictive and supplementary cues.
Siberian hamsters housed in constant photoperiods of either N14 h (summer) or b10 h (winter) of light per day in laboratory conditions show definitive physiological and behavioral states such that supplementary cues (e.g., food) do not trigger reproductive responses ( [19, 20] ; Bailey et al. in review) . In these conditions, although hamsters cannot track changes in photoperiod over time, photoperiod provides an accurate prediction of conditions in the near future. However, if hamsters develop within a constant, intermediate (13.5 h light) photoperiod occurring closer to the vernal and autumnal equinoxes in nature, photoperiod cannot act as an accurate predictor of future conditions without providing the additional information of change in duration of melatonin release. In these conditions, supplementary cues like food availability can trigger the initiation of gonadal regression ( [19, 20, 50] ). This laboratory paradigm can be used to address questions of how animals respond to dynamic changes in environmental conditions. The goal of this study was to investigate how hamsters coordinate changes in behavior and physiology in response to fluctuating supplementary environmental cues. We compared changes in aggressive and reproductive behavior in response to short-term mild food restriction (FR) in male and female hamsters housed in either a long-day (LD), summer-like photoperiod or an intermediate (ID), fall-like photoperiod. We also investigated effects on reproductive success by monitoring females' pregnancies. We hypothesized that hamsters become more aggressive in winterlike photoperiods because short photoperiod is a signal that food will be limited in the future. We therefore predicted that only hamsters in the ID-FR treatment would show an increase in aggressive behavior. We further hypothesized that changes in reproductive behavior would occur in advance of gonadal regression, with the prediction that ID-FR hamsters would exhibit impaired reproductive behaviors; we predicted females to be especially responsive, as reproduction is primarily energy-limiting for females, and sex differences in reproductive responses to seasonal shifts have been shown in related species [21] . Further, we predicted that the occurrence of pregnancy would be limited in ID-FR hamsters, and pregnancies that did occur would be characterized by smaller litter mass or fewer pups, through possible mechanisms of embryo resorption or infanticidal behavior.
Materials and methods

Animals and housing
Adult (N60 days of age; specific ages ranged from 4 to 10 months) male and female Siberian hamsters were obtained from 31 litters produced by 10 breeding pairs in our long-day (LD) photoperiod (16:8 h light:dark cycle, lights on at 0300 h Eastern Standard Time, EST) breeding colony and from 23 litters produced by 14 breeding pairs in our intermediate-day (ID) photoperiod (13.5:10.5 h light:dark cycle, lights on at 0130 h Eastern Standard Time, EST) breeding colony at Indiana University. Animals were weaned at 18 days of age and subsequently housed either individually or with 1-4 same-sex littermates before entering the experiment in adulthood. Hamsters subject to experimental treatments (females: n = 60, 30 from each photoperiod; males: n = 60, 30 from each photoperiod) were individually housed in polypropylene cages (27.5 × 17.5 × 13.0 cm) with Sani-Chip® bedding material for one week prior to the start of experimental treatments. These animals received ad-libitum access to food (Lab Diet 5001, PMI Nutrition) throughout development prior to the experiment and ad-libitum access to water at all times. Hamsters assigned as behavioral intruders (females: n = 25 from LD photoperiod, n = 36 from ID photoperiod; males: n = 35 from LD photoperiod, n = 26 from ID photoperiod) were housed in same-sex sibling pairs when possible, and in triplicate when needed, in polypropylene cages with the same dimensions and bedding material for one week prior to the first behavioral trial. Intruder hamsters received ad-libitum access to food and water at all times. Temperature and humidity were maintained at 20 ± 2°C and 50 ± 10%, respectively. All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were reviewed and approved by the Indiana University Bloomington Institutional Animal Care and Use Committee.
Experimental design
Hamsters within each sex were randomized by breeding pair source and litter into 4 experimental groups, in a full factorial design by photoperiod (LD or ID) and food availability (ad-libitum, AL or food restriction, FR). All animals were weighed weekly. FR animals began receiving daily food rations after 1 week of individual housing and monitoring of baseline food intake, and continued receiving daily rations until time of euthanasia. AL animals' food intake was assessed weekly. After 1 week of FR, all animals participated in an aggressive behavior trial with a same-sex intruder. After 2 weeks of FR, all animals participated in reproductive behavior trials with an opposite-sex intruder nightly for up to 5 nights, to allow for females to display reproductive receptivity during their estrous cycle (see Section 2.5). Male hamsters were euthanized for tissue collection immediately following a trial with a receptive female, or on the fifth night if the female did not display receptivity. Female intruder hamsters were vaginally lavaged to collect any sperm present in the vaginal canal immediately following the trial, and were subsequently euthanized. Female experimental hamsters were monitored for pregnancy following reproductive behavior trials for up to 20 days (gestation for first litters is 18-19 days [22] ). Pregnant female hamsters that produced a litter were further monitored for infanticidal behavior for 5 days after birth, at which time the females and litters were euthanized. Non-pregnant females were euthanized for tissue collection after confirming the absence of a litter after 20 days. All females' uterine horns were stained to detect embryo implantation sites indicating pregnancy (see Section 2.6).
Food restriction
For 5 days immediately prior to the start of experimental treatments, ad libitum food intake was measured daily in each animal to assess individual levels of baseline intake. Each FR hamster was assigned a ration equal to 90% of their individual baseline intake, which was provided just prior to lights out each day (1500 h EST for ID, 1900 h EST for LD). FR continued throughout the monitoring of potentially pregnant females. To account for increased energetic needs during pregnancy and lactation, we consulted data from our laboratory indicating daily food intake of pregnant females throughout pregnancy and early lactation ( [23] ; Table 1 ).
Daily intake was averaged over 74 pregnant females, and 90% of each day's average (unless an individual's previously assigned FR ration was larger, in which case she received that ration to avoid extensive nutritional stress) was provided to each FR female, starting immediately following a receptive reproductive behavior trial, or following the fifth trial if the female was not receptive. FR continued throughout pregnancy and for 5 days after the birth of a litter. For all FR animals, upon providing daily rations, any remaining ration in the cage food hopper from the previous day was collected and weighed (±0.1 g) to gain a more accurate approximation of actual intake, although it was not feasible to differentiate calorie consumption from hoarding or cheek pouch storage.
Aggressive behavior trials
Aggressive behavior was recorded and analyzed after 1 week of FR for same-sex social interactions according to previously outlined methods for males and females of this species, using a resident/intruder paradigm [4, 12] . Dyads were staged such that they were composed of a resident hamster (exposed to experimental treatments) and a same-sex intruder hamster. Residents were paired with intruders of approximately the same age, comparable mass (±5%), and from different parents. Photoperiod treatment was matched for hamster pairs (e.g., ID animal with ID animal) for the majority of the interactions; however, there was a small proportion of ID interactions (females: 10%, males: 6.7%) in which there was a mismatch.
Behavior trials were held in a dark procedure room under red light, within the first 2 h of the dark period. Resident home cages were positioned on a laboratory bench in front of a video camera and flanked by two mirrors, to ensure visibility of all cage corners. The interaction commenced when the intruder was introduced into the home cage of the resident and animals were observed and recorded for 5 min, after which the intruder was removed and the interaction ended. Aggressive behaviors in the video files were then analyzed using ODLog™ (Macropod Software, Eden Prairie, MN) by an experienced observer blind to experimental treatment. In both sexes, we quantified attacks (latency to first attack, total number and duration) and chases (total number and duration) initiated by the resident hamster to assess aggression. A principal components analysis (PCA) was used on the aggression variables for males and females, and one component was extracted that explained 80.75% of the total variance in aggressive behavior (Supplementary Table 1 ).
All variables loaded strongly on the first component; therefore we used the composite aggression score (PC AGG ) to examine the effects of photoperiod, food, and sex on overall aggression of resident hamsters.
Reproductive behavior trials
Reproductive behavior trials took place after 2 weeks of FR, starting 30 min after lights out (1930 h EST for LD, 1530 h EST for ID). Each resident hamster was exposed to the same opposite-sex intruder nightly for up to 5 nights, to allow females to exhibit reproductive receptivity during their estrous cycles (it is not possible to predict female receptivity using vaginal epithelial cytology in this species [24] [25] [26] ). Residents and intruders were paired as in the aggression trials, with comparable age and size, and from different parents. As in the aggression trials, most animals were matched by photoperiod treatment, but a small proportion (females: 6.7%; males: 10%) were mismatched.
Behavior trials were held in a dark procedure room under red light. Each night, each pair was placed inside a polypropylene cage (27.5 × 17.5 × 13.0 cm) with clean Sani-Chip® bedding and observed for up to 5 min. Cages were positioned on a laboratory bench in front of a video camera and flanked by two mirrors, to ensure visibility of all cage corners. If the male was able to mount the female successfully, or if the female showed obvious signs of reproductive receptivity (generally docile/compliant behavior, lordosis posture) during the 5 min observation period, recording commenced immediately and continued for 30 min. If a female within a pair did not display signs of receptivity during the 5 min observation period on any of the 5 nights, the pair was recorded for 5 min following the observation period on the fifth night. Reproductive behaviors in the video files were then analyzed using ODLog™ by an experienced observer blind to experimental treatment.
Female reproductive behaviors for analysis included the occurrence of receptivity as well as number and duration of lordosis posture occurrences, and their male intruders were monitored for the occurrence of ejaculation. We also quantified the number of attacks females initiated toward their male intruders. A proportion (20%) of the videos were monitored to determine if female scent marking behavior, in which the ventral gland is rubbed along the ground surface, should be quantified, but only 1 female performed 1 scent marking event, so further analysis was not conducted. Male reproductive behaviors for analysis included ejaculation (occurrence and latency), insemination (see Section 2.7), and mounting (vaginally-directed mounts and mis-directed mounts). We also assessed the total duration of male ano-genital investigation of their female intruders, as well as number of scent markings.
Pregnancy and litter monitoring
Following reproductive behavior trials, females were retained in their assigned photoperiod and food treatment groups for at least 20 days to monitor for resulting pregnancies. FR food rations were provided as described above, AL intake was monitored weekly, and females were weighed weekly. Starting on day 15 after the receptive trial, each female was monitored every 24 h for the presence of a litter. On the day of birth of each litter, pups were counted and weighed to assess litter mass at birth. Pups were counted each day for 5 days after birth to detect occurrences of infanticide. On day 5, females were euthanized via a ketamine/xylaxine cocktail and pups were deeply anesthetized with isoflurane vapors and rapidly decapitated. Females that did not produce a litter were euthanized 20 days following the behavior trial. Reproductive tissues (ovaries, uterine horns, and perimetrial white adipose tissue (PWAT)) were collected from females at time of euthanasia Table 1 Average ad libitum (AL) food intake calculated from 74 pregnant females in a previous experiment in our laboratory [23] and 90% of each daily value, which was used to determine the daily ration for FR females during pregnancy monitoring in the present experiment. Pregnancy lasted from day 1 to day [18] [19] to determine reproductive tissue mass. Uterine horns were stained to visualize embryo implantation sites by immersing them in a 10% ammonium sulfide solution for 10 min and rinsing with distilled water [27, 28] . Stained implantation sites appeared as dark spots along the uterine horns; uterine horns from non-pregnant females were devoid of spots ( Supplementary Fig. 1 ).
Male insemination assessment and tissue collection
Immediately following the behavioral trial in which their female intruder was receptive, or on night 5 following recording, males were euthanized via a ketamine/xylaxine cocktail and tissues (testes, epididymal white adipose tissue (EWAT)) were collected to determine reproductive tissue mass. A sample of vaginal fluid was collected from each female intruder following the trial to determine whether the male had successfully inseminated her. 30 μL of sterile 0.9% saline was lavaged through the vaginal canal 3-5 times, placed on a glass microscope slide, and allowed to dry. Once dry, samples were fixed in methanol and stained with a 10% Giemsa solution (Sigma-Aldrich® Procedure No. GS-10). Cells were visualized using a light microscope and the presence or absence of sperm was recorded.
Statistical analysis
All statistical analyses were performed in JMP v. 11.0.0/12.0.1 (SAS Institute, Inc., Cary, NC) or SPSS v. 20.0/23.0.0 (IBM Corp., Armonk, NY), and attributed statistical significance at p b 0.05. Sample sizes totaled 15 hamsters per sex per photoperiod/food treatment combination, except for week 2 measurements in ID-FR females; two hamsters died spontaneously, unrelated to experimental procedures, between week 1 and 2. Data distributions were checked for homogeneity of variance and for normality of model residuals; those distributions with unequal variances or producing non-normal residuals were transformed to best meet these assumptions for parametric tests. Food intake data were square root-transformed, except for male baseline food intake, which could not meet parametric assumptions, and was analyzed using a non-parametric Wilcoxon rank-sum test. Attacks (number and duration), number of chases, and latency to attack (aggression trial) were square root-transformed, and duration of chases was log-transformed. Male mounting and ano-genital investigation behavior data were square root-transformed, and male scent marking behavior data and female attack (reproduction trial) data were log-transformed. Ovary and PWAT mass, and the number of pups lost to infanticide within litters were log-transformed. EWAT mass could not be transformed to meet parametric assumptions, and was analyzed using the Wilcoxon test. Two females were excluded from food intake analysis: one ID-AL female had abnormally low baseline food intake, but exhibited normal AL intake during the experiment. Another ID-AL female showed exceedingly high weekly intake, so was determined to be hoarding and not appropriate to include in intake analysis. Three females were excluded from uterine horn mass analysis: one (ID-AL) was weighed on day 1 after birth (entire litter was consumed within the first day) and was thus extremely large, one (LD-AL) was mistakenly discarded following ammonium sulfide staining, and the third (LD-FR) was abnormally large. This latter female was similarly excluded from ovary mass analysis because of a growth on one ovary that resulted in an abnormally large ovary mass, which may also have contributed to her abnormal uterine horn mass. For measurements of body mass and food intake over time, a repeated measures analysis of variance (ANOVA) was used to detect effects of photoperiod and food treatments within and between subjects of each sex, with time as a within-subjects variable. Within-subjects comparisons for female and male body mass as well as pregnant female and male food intake violated assumptions of sphericity and were Greenhouse-Geiser (G-G) corrected. Within time points of data collected over time (individual weeks for body mass/food intake), we performed two-way ANOVAs to detect effects of photoperiod, food, and the interaction of photoperiod x food, followed by Tukey's HSD post-hoc comparisons if there were statistically significant effects.
For aggressive behaviors, we tested the effects of photoperiod and food, and also the effects of photoperiod and sex on resident hamsters. We used a two-way analysis of variance (ANOVA) to examine all aggression variables (i.e. PC AGG , number and duration of attacks and chases, and latency to first attack), followed by Tukey's HSD post-hoc comparisons if there were statistically significant effects. Reproductive measurements expressed as proportions (female receptivity, ejaculation/insemination, pregnancy, and litter production) were assessed using a logistic regression including photoperiod and food in a full factorial design, as well as χ 2 contingency table analysis to detect differences among groups. All other measurements (% change in body mass; reproductive mass; reproductive behaviors (in males: number and duration of vaginally-directed/mis-directed/total mounts, latency to ejaculate, duration of ano-genital investigation, number of scent markings; in females: duration of lordosis display and number of attacks); number of implantation sites; number of pups on day of birth, on day 5, and lost to infanticide; and litter mass) were assessed through two-way ANOVAs including photoperiod and food in a full factorial design, followed by Tukey's HSD post-hoc comparisons if there were statistically significant effects. Final body mass was included as a significant covariate in the model for paired testes mass, paired ovaries mass, PWAT mass, and litter mass on day of birth. Pregnancy status was included as a significant covariate in the model for PWAT mass; PWAT mass in pregnant/non-pregnant females was then assessed using Student's ttest.
Results
Body mass, food intake, and reproductive mass
Female baseline body mass differed according to photoperiod, with ID females having lower body mass than LD females initially (F 3,56 = 9.65, p b 0.001). Over the two weeks of experimental treatments, ID-AL females gained body mass and LD-FR females lost body mass (between subjects photoperiod effect: F 1,56 = 21.31, p b 0.001; within subjects time × photoperiod effect, G-G corrected: F 1,76 = 5.87, p = 0.01; within subjects time × food effect, G-G corrected: F 1,76 = 6.87, p = 0.006, G-G corrected) (Fig. 1a) . These changes in mass resulted in statistically significant differences between ID-AL and LD-FR female groups in total percent change in body mass (F 3,56 = 4.40, p = 0.008) (Fig. 1b) . In contrast, male baseline body mass was similar across groups (F 3,56 = 0.45, p = 0.72), there were no effects of treatment between individuals over time, and only time × food contributed to changes in mass within individuals (F 1,80 = 14.30, p b 0.001, G-G corrected) (Fig. 1a) . Food treatment affected total percent change in mass in males (F 1,56 = 16.05, p b 0.001), but FR males lost a significant percentage of their baseline body mass compared to their AL counterparts only in the LD photoperiod, not in the ID photoperiod (Fig. 1b) .
In females and males, baseline food intake differed across photoperiods, with ID hamsters consuming more than LD hamsters (females: F 1,54 = 11.17, p = 0.002; males: Z = 2.10, p = 0.04). In both sexes, hamsters assigned to FR groups differed in baseline intake between photoperiods, with ID-FR animals consuming more than LD-FR animals (females: F 4,54 = 3.71, p = 0.01; males: Z = 2.28, p = 0.02) (Fig. 1c) . Over time, there were no treatment effects between individuals in females, but food intake over time within individuals varied according to food treatment, with FR animals consuming less food, as expected (within subjects time × food effect: (Fig. 1c) . In both sexes, AL intake in both photoperiods declined after week 1 such that there were no differences in intake among groups in week 2 (females: F 3,55 = 1.24, p = 0.30; males: F 3,56 = 2.48, p = 0.07) (Fig. 1c) .
At the end of week 2, gonadal regression in ID-FR males was underway, with paired testes mass measuring significantly lower in this group compared to LD groups (F 4,55 = 5.34, p = 0.001) (Fig. 1d) . EWAT mass did not differ among groups (χ Table 2 ). In females, a significant treatment effect of photoperiod led to ID females having smaller uterine horns than LD females (F 1,51 = 4.82, p = 0.03) (Supplementary Table 2 ). Paired ovary mass and PWAT mass were unaffected by treatment (ovaries: F 4,52 = 1.99, p = 0.11; PWAT: F 5,52 = 1.87, p = 0.15) (Supplementary Table 2 ). Pregnancy significantly affected PWAT mass, with pregnant females having smaller PWAT mass than non-pregnant females (t(45) = − 6.53, p b 0.001) (Supplementary Table 2 ). Paired ovary mass and uterine horn mass were unaffected by pregnancy (ovaries: t(37) = −1.34, p = 0.09; uterine horns: t(47) = 1.10, p = 0.14) (Supplementary Table 2 ).
Aggressive behavior
Female and male hamsters in the ID-FR treatment displayed increased overall aggression when compared to ID-AL animals well as animals in both LD groups (PC AGG , females: F 3,56 = 4.52, p = 0.007; males: F 3,56 = 4.98, p = 0.003) (Fig. 2) . Specifically, ID-FR females displayed more (F 3,56 = 6.10, p = 0.001) and longer (F 3,56 = 3.93, p = 0.01) attacks and more (F 3,56 = 4.47, p = 0.005) and longer (F 3,56 = 3.20, p = 0.03) chases. ID-FR males displayed more attacks (F 3,56 = 5.49, p = 0.002) and longer chases (F 3,56 = 7.53, p = 0.01). ID-FR males, unlike ID-FR females, did not display more chases (F 3,56 = 1.10, p = 0.36) or longer attacks (F 3,56 = 1.08, p = 0.37). Latency to first attack did not differ between groups (females: F 3,56 = 6.69, p = 0.23; males: F 3,56 = 2.34, p = 0.15).
Reproductive behavior
Females were equally likely to display reproductive receptivity across treatment groups (χ 2 (3) = 4.35, p = 0.23) (Fig. 3a ). There were also no treatment effects or differences between groups for lordosis behavior (duration: F 3,35 = 0.50, p = 0.69 (Fig. 3b) ; number: F 3,35 = 1.08, p = 0.37). Male intruders, however, were less likely to ejaculate in the ID photoperiod (χ
2
(1) = 4.65, p = 0.03) (Fig. 3c ). Males were equally likely to be paired with a receptive female intruder across treatment groups (χ (Fig. 3d) . Although the ID-FR group had the highest proportion of males ejaculating, there were equal proportions of ejaculating males that produced sperm recovered from their female intruder across all groups (χ 2 (3) = 1.60, p = 0.66) (Fig. 3e ).
Latency to ejaculate was also equivalent across groups ( (Fig. 3f) .
FR females tended to attack their male intruder more often than AL females, but this effect fell short of significance (F 3,35 = 3.79, p = 0.06) (Fig. 4a) . Food treatment had a significant effect on male ano-genital investigation of female intruders, with FR males performing less investigation (F 1,38 = 4.82, p = 0.03), but this effect failed to produce differences between treatment groups (F 3,38 = 2.58, p = 0.07) (Fig. 4b) . Males also displayed scent marking behavior, but this behavior was unaffected by treatment (F 3,38 = 1.28, p = 0.30) (Fig. 4c) .
Pregnancy outcomes
The proportion of females (paired with a male that ejaculated) achieving pregnancy was equivalent across groups (χ 2 (3) = 1.35, p = 0.72) (Fig. 5a ). These pregnant females had equivalent numbers of implantation sites discovered in their uterine horns (F 3,18 = 0.19, p = 0.90) (Fig. 5b) and an equivalent proportion of pregnant females d c Fig. 1 (continued) . produced litters successfully across groups (χ 2 (3) = 2.79, p = 0.43). Litter characteristics were also robust to treatments: there were no treatment effects or differences between groups for number of pups on day of birth (F 3,13 = 1.63, p = 0.23) (Fig. 5c) , number of pups lost to infanticide (F 3,13 = 0.31, p = 0.82) (Fig. 5d) , number of pups on day 5 (F 3,13 = 0.44, p = 0.73), or litter mass on day of birth (F 4,12 = 0.58, p = 0.64).
Body mass and food intake in pregnant vs. non-pregnant females were measured weekly during the experiment, rather than according to the day each female exhibited receptivity, and thus did not coincide with stage of pregnancy across individuals. Body mass changed between individuals according to photoperiod treatment (F 1,53 = 13.37, p b 0.001) and whether a litter was produced (F 1,53 = 4.97, p = 0.03), with litter-producing females tending to decline in body mass over time; however, these effects did not produce any post-hoc differences between experimental groups according to litter production at specific time points (week 4: F 7,50 = 1.86, p = 0.10; week 5: F 7,50 = 1.30, p = 0.27; week 6: F 7,50 = 1.83, p = 0.10) (Supplementary Fig. 2a ). Within individuals, only photoperiod treatment affected changes in body mass, such that LD females appeared to lose body mass over time while ID females maintained constant mass (time × photoperiod effect, G-G corrected: F 2,119 = 8.17, p b 0.001) (Supplementary Fig. 2a ). Food intake changed over time within individuals according to food treatment and litter production (time x food effect, G-G corrected: Fig. 2b ). There were no effects of treatment on food intake over time between individuals (F 4,50 = 1.07, p = 0.38). In the final week of the experiment, AL-treated females with litters consumed significantly more food than all other groups (F 7.47 = 7.84, p b 0.001) (Supplementary Fig. 2b ).
Discussion
The goal of the present study was to examine whether short-term, mild food restriction triggers relevant seasonal behavioral responses in advance of more lengthy physiological changes in an environment in which supplementary cues are salient. We compared the effects of FR treatment on Siberian hamster aggressive behavior, reproductive behavior, and fertility in either a long-day, summer-like photoperiod, in which modulation of food resources does not initiate seasonal changes, or an intermediate photoperiod, in which restricting food provides a signal that resource-limited conditions of winter are imminent. We hypothesized that hamsters in the ID-FR treatment would show modulation of behavior and reproduction. Our hypothesis was supported in our measurements of aggressive behavior, but not in reproductive behaviors or fertility. ID-FR animals of both sexes displayed significantly increased aggression after just one week of treatments, but reproduction was unaffected throughout the study timeline. There were no other treatment effects or post-hoc differences between groups observed for any other behaviors, other than a trend toward food affecting the number of attacks performed by females toward male intruders (a, p = 0.06). Sample sizes are dependent on female receptivity rates.
Our finding that hamsters increase aggressive behavior in response to food availability as a supplementary cue provides important insight into the ultimate function of aggressive behavior in this and similar species. Most animals living in temperate climates display increased aggressive behavior/territoriality during the breeding season, coinciding with increased circulation of gonadal steroids (reviewed in: [29, 30] ). It is relatively unusual to observe the opposite pattern, i.e., increased aggression during the non-breeding season, which exists in Siberian hamsters as well as other seasonally breeding species such as Syrian hamsters (Mesocricetus auratus), red squirrels (Tamiasciurus hudsonicus), and song sparrows (Melospiza melodia morphna) [31] [32] [33] . One hypothesis for the adaptive function of this unusual behavioral pattern is that these animals become aggressive during the non-breeding season in order to defend limited food resources; this hypothesis is supported by our findings. In the present study, we provided FR hamsters with a modest 10% reduction in their normal ad libitum intake for a single week, and aggressive behavior increased only in combination with ID photoperiod treatment. This indicates that a signal of diminishing resources over a short time is sufficient to induce changes in behavior, but only in conditions that necessitate a specific seasonal response (i.e. intermediate photoperiod, and not long-day photoperiod). This provides an adaptive explanation for seasonal aggression by demonstrating that hamsters increase aggression in response to short-term restricted food availability, likely in order to defend limited food resources present during the short days of winter.
Because aggression during the non-breeding season is less common among animals, and occurs in opposition to seasonal patterns of gonadal steroid circulation, the endocrine mechanisms underlying this phenomenon are an area of active research. Notably, the adrenal androgen DHEA (a gonadal steroid precursor) has emerged as an important correlate of non-breeding season aggression in several species [7, 12, 31, 33, 34] . In Siberian hamsters specifically, our group has demonstrated a "seasonal shift" in endocrine mechanisms supporting aggression from gonadal steroids in the breeding season to the adrenal androgen DHEA in the non-breeding season [12] . This shift allows for a decoupling of aggressive behavior from hormonal mechanisms underlying reproduction, which would be adaptive for species that must maintain aggression for other functions (i.e., defense of limited food resources) during times of reproductive quiescence.
In contrast to aggressive behavior, reproductive behavior was less malleable to treatment. ID-FR males have been shown to undergo gonadal regression after several weeks ( [19, 20] ; Bailey et al. in review); our goal for this study was to assess potential changes in behavior that occur in advance of this lengthy physiological process, with the prediction that reproductive behavior would be impaired in ID-FR hamsters, particularly in females. Unexpectedly, we observed virtually no effects of treatment on female behavior and the opposite relationship in timing between behavior and physiology than we predicted in males. Male gonadal regression was already underway at the end of our 2-week behavioral observation period, but reproductive behaviors did not vary across treatments. By monitoring females for resulting pregnancies, we also determined that fertility was not affected by treatment, with pregnancy rate, littering rate, and litter characteristics all being equivalent across treatments.
The timing of changes in reproductive behavior and fertility during the response to short-day photoperiod has been examined in Syrian hamsters, a related species of seasonally breeding rodents [21] . The study showed interesting individual variation in loss of reproductive behavior and fertility as well as sex differences: males took twice as long to reach a 50% siring rate as it took females to reach a 50% littering rate [21] . Reproductive behavior also appeared decoupled from fertility, with females continuing to display receptivity even after loss of fertility and males continuing to mount for the entire 10-week duration [21] . Our study addressed responses to a supplementary environmental cue (as opposed to photoperiod) in a different species, and our results support the findings of Beery et al. [21] . We predicted that behavior would exhibit more flexibility than physiology in response to seasonal cues, but reproductive behavior was well maintained in the face of inhibitory cues in both sexes, and ongoing physiological changes in males. It is presumably advantageous for males to preserve reproductive behaviors for longer, especially if matings with the declining proportion of fertile females can be attained over time. This is evidenced by male rodents continuing to exhibit reproductive behaviors even after castration [35] , and is plausibly an adaptive strategy because of mechanisms such as the storage of viable sperm in the epididymis after the seasonal cessation of spermatogenesis [36] .
Although reproductive behavior and subsequent fertility were equivalent across treatments according to most of our measures, there were some notable exceptions. First, untreated male intruders were less likely to ejaculate when paired with an ID female. In addition to negatively impacting our sample (ID female groups ultimately consisted of 4 (AL) and 2 (FR) females that were paired with an ejaculating male for pregnancy analysis), this observation has the potential to suggest that some mechanisms of non-visible communication [37] [38] [39] may differ according to photoperiod. Siberian hamsters communicate with olfactory cues through multiple secretions such as urine, feces, ventral glands, and sacculi glands [40] [41] [42] [43] . Urinary [44] and ventral gland [45] compounds vary across photoperiod, but only in males. Siberian hamsters also produce ultrasonic vocalizations (USVs) that differ according to photoperiod and sex during aggressive contexts, and likely use them in other contexts as well, potentially including reproduction [46, 47] . It is possible that these types of communication were employed during these reproductive interactions, and although ID females that were successfully inseminated during the encounter all produced litters, it may be meaningful that most receptive females in the ID photoperiod were not successfully inseminated. Differences in non-visual communication could also explain the effect we observed for FR males to spend more time investigating the ano-genital region of female intruders.
The second exception to our finding that reproduction seems to be robust to inhibitory supplementary cues is that, contrary to the male intruders, males in the ID-FR treatment were most likely to ejaculate during their encounter with a receptive female. This did not result in fertility consequences, as they were equally likely to have inseminated their female as males in other groups, but is interesting to note, especially considering that these males were already undergoing gonadal regression. This again reflects previous observations in Syrian hamsters, in which gonadally regressing males continued to mount throughout their exposure to short-day photoperiod [21] . The ID-FR males being the most likely to ejaculate, and not merely less able to ejaculate than the other groups is reminiscent of the theorized terminal investment strategy observed in animals experiencing extreme stress or age, in which reproductive activity increases in response to situations that otherwise would call for conservation of energy in order to maximize lifetime fitness before death [48] . It is possible that seasonally breeding males adopt this strategy on a seasonal timeframe when gonadal regression is underway, in order to attempt to reproduce before seasonal cessation of spermatogenesis. This idea has yet to be explored in detail, but there has been at least one suggestion that a type of seasonal terminal investment strategy takes place in male Siberian hamsters exposed to an immune challenge during gonadal regression [49] . Weil et al. [49] found that the process of gonadal regression was slowed in immune-challenged males, potentially to maximize reproductive activity in the face of uncertain survival to the next breeding season.
Finally, investment in reproductive tissues differed across females, with ID females having smaller uterine horns compared to LD females. Although ID females performed competent reproductive behaviors, and all that were inseminated produced successful litters, the ID photoperiod treatment may have affected investment in reproductive tissues compared to females in the LD photoperiod. Because uterine horns were collected after the pregnancy period (which included increasing FR rations) from both pregnant and non-pregnant females, it is difficult to say whether food treatment would have affected female investment in reproductive tissues at another time point. However, this difference may be an important physiological underpinning of any possible communication by the ID females to their male intruders that resulted in a lower ejaculation rate.
Conclusions
Overall, we have demonstrated that food availability as a supplementary cue triggers seasonal aggressive, but not reproductive, responses in male and female Siberian hamsters over a short time period. These findings are consistent with the hypothesis that seasonal changes in aggression in this species are likely adaptive for defending limited food resources during specific times of the year (e.g., winter). The underlying mechanisms of seasonal aggression in this species, most importantly the ability of the adrenal androgen DHEA to drive seasonal changes in aggression, likely support this function by decoupling aggression from circulating gonadal steroids, which are reduced throughout the process of gonadal regression. In contrast, reproduction was robust to inhibitory environmental signals in the short term, potentially indicating a strategy for seasonally breeding animals to maximize reproduction prior to seasonal reproductive quiescence. Collectively, our results provide important insight into how seasonally breeding animals coordinate important behavioral and physiological responses to relevant seasonal cues. Future study of animals that display seasonal changes in behavior and physiology should continue to investigate how endocrine mechanisms as well as non-visual communication mechanisms between individuals support these changes according to the environment in order to maximize survival and reproductive success. and Indiana University. These funding sources had no involvement in study design; in the collection, analysis and interpretation of data; in the writing of the report; or in the decision to submit this article for publication.
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